Carbon nanotubes (CNTs) functionalized by a nanothin poly(dopamine) (PDA) layer were produced by a one-pot, nondestructive approach, with direct polymerization of dopamine on the CNT surface. The thickness of the PDA layer can be well-controlled by the reaction time and the proportion of dopamine, and this thickness is found to be the key factor in controlling the dispersion of CNTs and the extent of the interfacial interactions between the CNT@PDA and epoxy resin. SEM results indicated that the dispersion of CNTs in epoxy was improved significantly by coating a nanothin PDA layer onto the CNT surface. In agreement with this finding, the CNTs functionalized with the thinnest PDA layer provided the best mechanical and thermal properties. This result confirmed that a thinner PDA layer could provide optimized interfacial interactions between the CNT@PDA and epoxy matrix and weaken the selfagglomeration of CNTs, which led to an improved effective stress and heat transfer between the CNTs and the polymer matrix.
Introduction
As one of the high performance carbon nanomaterials, carbon nanotubes (CNTs) have attracted intense attention as promising reinforcing llers for polymer matrices, 1-5 because of their outstanding properties, like low density, high aspect ratio, and superior physical, 6,7 electrical 8,9 and thermal potentials.
10,11
However, the agglomeration of the CNTs, owing to the high van der Waals attraction between tubes, has been considered as the main problem for effective reinforcement in polymer composites, which is also the result of weak interfacial interactions between the CNTs and the polymer matrix. Therefore, the surface modication or functionalization of CNTs has become a major research activity within nanoscience, nanotechnology, and bioengineering, as the best approach for improving the solubility and compatibility of CNTs in polymer matrices. Noncovalent and covalent modications of the CNT surface have both been used previously to enhance the dispersion and processability of CNTs in common solvents and blended composites, including oxidative processes with strong acid, 12 introducing active functional groups, 13 functional coatings by the sol-gel method, 14 and graing polymers by surface-initiated polymerization, [15] [16] [17] among others. However, most modication methods have major drawbacks such as surface defection and being fragmented into smaller pieces by concentrated acid and strong oxidation processes, which are both environmentally unfriendly. Therefore, many efforts have been put forward to develop methods that are industrially relevant to use, of low cost, and less destructive to the CNT surface structure. Among the low-damage methods, polymer wrapping and "pi-pi" stacking on the surface of CNTs resulted in good dispersibility in aqueous solutions, but they are difficult to process once within the polymer matrix due to the slippage of the stacked molecules.
18,19
Recently, self-polymerization of organic monomers onto the convex walls of CNTs has been demonstrated as an effective approach to generate specic coatings, especially polydopamine (PDA) coatings. Lee et al. 20 reported that the adhesive proteins secreted by mussels (PDA) can self-polymerize via a simple deposition process under alkaline conditions and attach the adhesive layer onto almost all types of surface, organic or inorganic. In the past years, a large amount of substrates have been functionalized with polydopamine, such as electrospun nanobers, [21] [22] [23] clay, [24] [25] [26] carbon ber 18 and graphene oxide.
27-29
As a non-covalent modication method, the PDA functionalization process has signicant advantages, like high efficiency, simple ingredients, and mild reaction conditions, exclusive from concentrated acid and strong oxidation processes. Furthermore, the PDA coating layer could also act as a multipurpose platform for secondary reactions or further improvement of surface functionality, such as immobilization of various organic species at the surface.
30-34
Previous research has illustrated that the PDA-mediated nanomaterials are advantageous for their application in hydrophilic matrices, like polar solutions, aqueous environments, and biologically relevant elds. [35] [36] [37] [38] Further applications were shown in a polymer matrix by Feng et al., 18 where carbon bers modied with PDA lms, to control hydrophilic and oleophilic surface behavior, resulted in an excellent interfacial improvement in the epoxy and poly(ethylene-co-octene) matrix. Lu et al. developed PDA-coated clay to improve the thermomechanical properties of the epoxy resin at very low inorganic loadings. 26 To the best of our knowledge, few reports have focused on the surface functionalization of CNTs via dopamine and on the improvement of interfacial interaction between CNTs and the hydrophilic polymer matrix through decreasing the thickness of the functionalization layer.
Inspired by the above mentioned, a one-pot, low cost and efficient PDA-coating method for CNTs was developed in this present work. This functionalization method is under alkaline conditions, with a simple deposition process that is environmental friendly and does not damage the nanotube sidewall, which commonly occurs with concentrated acid and strong oxidation processes. The process of functionalization of the CNTs and the formation of epoxy composites are shown in Scheme 1. The as-prepared CNT@PDA/epoxy composites exhibited signicant improvements in mechanical properties as a result of enhanced interfacial interactions, produced by the combined mechanisms of hydrogen bonding between amine and hydroxyl groups of PDA and abundant hydroxyl groups of epoxy resin, and polymer entanglement between epoxy and PDA. It is worth noting that the amide-rich surface of PDA-coated CNTs may have a tendency to form aggregates via hydrogen bonding during the curing reaction, which would restrict their dispersion. In this study, this disadvantage was avoided by optimizing the thickness of the PDA layer, which was well controlled by the concentration of dopamine and the reaction time. The effect of the PDA layer thickness on the improvements of the composites performance is also investigated and presented, such as storage modulus, thermal stability, and thermal conductivity.
Experimental section

Materials
Pristine multi-walled carbon nanotubes (CNTs), with a mean diameter of 20-40 nm and a length of 5-15 mm, were supplied by Nanotech Port Co., Ltd. (Shenzhen, China). Dopamine (DOPA, 99%) was purchased from Alfa Aesar (USA). Diglycidyl ether of bisphenol A (DGEBA) was supplied by Dow Chemical (USA). Tris(hydroxymethyl)aminomethane (TRIS), N,N-dimethylbenzylamine, and methyltetrahydrophthalic anhydride (Me-THPA) were provided by Sinopharm Chemical Reagent Co., Ltd (China). Other reagents were of analytical grade or better and used without further purication. The chemical structures of the main compounds in this study are listed in Fig. 1 .
CNTs modied by poly(dopamine) (CNT@PDA)
100 mg of CNTs was dispersed in a mixed solution of ethanol (50 mL) and water (40 mL) under ultrasonication for 45 min. Then, 400 mg of DOPA (4 : 1 DOPA : CNTs by wt) was added under magnetic stirring for 5 min. Next, 100 mL of aqueous solution of TRIS (300 mg) was added, and the solution was stirred for 24 h at ambient temperature. The product was collected by ltration and washed with deionized water and ethanol until the scrubbing ltrate became colorless and nally dried in vacuum oven at 80 C overnight. The resultant material is dened as CNT@PDA-a. In order to control the coverage thickness, the DOPA concentration and the reaction time was changed. CNT@PDA-b (1 : 1 DOPA : CNTs by wt) was prepared by the same procedure except using a decreased amount of DOPA (100 mg); CNT@PDA-c (DOPA : CNTs ¼ 0.5 : 1) was prepared similarly but with 50 mg of DOPA and with a reduced reaction time of 12 h. Finally, pure poly(dopamine) (PDA) was produced in the same manner except without addition of CNTs.
Preparation of CNTs/epoxy composites
Me-THPA and N,N-dimethylbenzylamine were mixed in the proportion of 80 : 0.2 by wt to obtain the curing agent mixture. A desired amount (0.5 wt%, 0.75 wt%, 1 wt%, 1.5 wt%, 2 wt%, and 3 wt%) of CNTs and the above curing agent were rst added in a beaker, and the mixture was heated and kept at 50 C for 30 min under ultrasonication. Next, DGEBA was added, and all components were uniformly mixed together at 50 C with ultrasonication for 30 min. Finally, the mixture was poured into a home-made mold. All samples were cured at 150 C for 5 h and 200 C for 2 h. The CNT@PDA/epoxy nanocomposite was prepared by the same procedure.
Scheme 1
The process of CNTs functionalization and the formation of epoxy nanocomposites.
Characterizations
Fourier transform infrared spectroscopy (FTIR) was conducted on a Nicolet AVATAR (Thermo Fisher, USA), with a resolution of 4 cm À1 . X-ray diffraction (XRD) patterns were measured using a CuKa source (l ¼ 0.154 nm) operating at 100 mA and 40 kV and a wide-angle analyzer, D/max-2500PC (Bruker, USA). Thermal gravimetric analysis (TGA) was performed on a PT 1000 (Linseis, Germany). The surface morphology of CNTs was observed by transmission electron microscopy (TEM, JEOL JEM2100F). The CNTs were dispersed in the ethanol under ultrasonication, and the solution was dropped onto the carbon coated cupper grid, then dried under room temperature. Scanning electron microscopy (SEM, HITACHI SU8010) was applied to observe the fracture surface of the composites. SAXS and WAXS experiments were performed at beamline 7.3.3 at the Advanced Light Source (ALS) of Lawrence Berkeley National Laboratory. The fully cured samples were xed with Kapton tape. An X-ray energy of 10 keV (l ¼ 1.24Å) was used, and the 2D scattering images were collected on a Pilatus 2M detector at room temperature. A silver behenate sample was used for the calibration of the sample-to-detector distance. Dynamic mechanical analysis (DMA) was performed using a DMA Q800 (TA Instruments, USA), over a temperature range of 30-180 C and at a frequency of 1 Hz. The thermal conductivity of composites was measured by a DRL-2Bthermal conductivity tester (Xiangtan Instrument Co., Ltd. China).
Results and discussion
Surface functionalization and characterizations of CNTs
The synthetic approach of CNT@PDA nanocomposites is highly reproducible, and the as-prepared CNT@PDA has shown good and stable dispersibility in polar solvents, like water, ethanol, and tetrahydrofuran. Additionally, the synthetic process presented in this report allows for facile control over the PDA shell thickness. Direct evidence for the successful surface functionalization of CNTs was provided by TEM, as shown in Fig. 2 .
Compared with the pristine CNTs of Fig. 2a , it can be obviously observed that PDA layers are uniformly coated on the surface of CNTs, resulting in core-shell cable-like CNT@PDA in Fig. 2b and c. In addition, the shell thickness gradually decreases from 25 nm to 10 nm, with decreasing the mass ratio of DOPA and CNTs from 4 : 1 to 1 : 1 ( Fig. 2b and c) . be concluded that the thickness of the PDA shell can be easily controlled by changing the mass ratio of DOPA and CNTs and the reaction time whilst keeping the other synthetic parameters constant.
More evidence of the existence of the PDA shell can be provided by FTIR analysis, as shown in Fig. 3 . The dopamine spectrum shows features of catechol groups at 3040 and 3246 cm À1 , a sharp peak at 1287 cm À1 representing the C-O stretching vibration, and the characteristic peak of aromatic rings at 1620 cm À1 . Aer polymerization, PDA displays intense absorption peaks at 1287 and 1620 cm À1 and a broad peak at 3403 cm À1 , attributed to C-O stretching vibration, the aromatic rings, and the merging of -OH and -NH features, respectively. For the pristine CNTs, there are nearly no peaks observed except a weak feature at 1578 cm À1 , which is related to the structure of the graphite tube wall of multi-walled carbon nanotubes. 39 Aer coating with PDA by the oxidative self-polymerization, the asprepared CNT@PDA show clear absorption peaks at 1620 and 3458 cm À1 , signifying the existence of O-H and N-H, respectively, stretching vibration from the PDA layer. 40 Therefore, FTIR analysis conrms the uniform coating of the CNTs by PDA formed during the oxidative interfacial polymerization process.
XRD patterns of pristine CNTs, CNT@PDA-25, CNT@PDA-10, and CNT@PDA-5 are presented in Fig. 4 . It can be observed that the main XRD features of pristine CNTs are at 2q ¼ 26 (002), 42.5 (100) and 53.5 (004). 41 In the XRD pattern of the CNT@PDA composites, the above corresponding peaks are weakened when increasing the PDA layer thickness from CNT@PDA-5 to CNT@PDA-25. This also proves the success of the surface functionalization and that the coating layer thickness increased with the concentration of DOPA.
TGA analysis also veried the difference in the thickness of the PDA layer, as shown in Fig. 5 . Pristine CNTs undergo only 5 wt% weight loss at temperatures up to 800 C. Aer modica-tion with CNT@PDA-5, a 5 wt% loss is found at 401 C. As expected, CNT@PDA-10 and CNT@PDA-25 show 5 wt% loss at lower temperatures, at 279 C and 234 C, respectively. Pure
PDA displayed approximately 56% weight loss at temperatures up to 700 C. Based on the differences in thermal stability among the PDA-coated CNTs, it can be inferred that the coating thickness increases with PDA concentration. This result thus indicates that a range of coating layer thicknesses can be obtained by controlling the polymerization conditions.
Dynamic mechanical properties of composites
Pristine CNTs are highly hydrophobic, inducing poor dispersibility in polar solvents and hydrophilic polymers, such as epoxy resins. To solve this problem, the modication of the CNT surface by a nanothin PDA layer was performed in this study. Compared with methods involving oxidation of CNTs, the PDA coating process will retain the inherent properties of the pristine CNTs without destructing their structure and provide a more compatible interface between the CNTs and polymer matrix. In this regard, DMA is a powerful tool to investigate the mechanical properties of polymers, the results of which are highly relevant to and indicative of the dispersion of the nanollers and their interactions with the polymer matrix. The DMA results for each composite are given in Fig. 6 . Fig. 6a shows that the introduction of CNTs in the epoxy resin caused an increase of storage modulus (E 0 ) below T g , which can be explained as CNTs behaving as an obstacle to the molecular chains of epoxy. 42 However, the increase of the storage modulus is limited, and the maximum increase is 9%. Compared with the composites with pristine CNTs, CNT@PDA/epoxy composites show a signicant enhancement of E 0 at very low CNT@PDA loading. Especially for the composites with the thinnest PDA layer, seen in Fig. 6d , the storage modulus increases $29% at room temperature from 2.72 GPa for neat epoxy to 3.50 GPa for the composites with a 1.5 wt% loading of CNT@PDA-5. For the CNT@PDA with a thicker PDA layer, the maximum enhancement of the storage modulus of CNT@PDA/epoxy composites can also be obtained with a loading of 1.5 wt% CNT@PDA-25 and CNT@PDA-10, of 18% and 22%, respectively. To date, it is believed that numerous amine and catechol functional groups are present in the PDA coating. The reinforcement effect of CNT@PDA composites is mainly thought to be due to the enhanced interfacial interaction between the catechol groups at the CNT@PDA surface and the epoxy matrix. Therefore, the stiffness of the CNT@PDA/epoxy composites can be improved signicantly at very low CNTs loadings, owing to the more effective stress transfer from high modulus CNTs to the polymer matrix. Moreover, the hydroxyl groups and amine groups of the PDA may also help in accelerating the anhydridecured reaction of DGEBA, which leads to better compatibility between the functionalized CNTs and DGEBA.
For the composites with three different thickness of the PDA layer, all storage modulus values of CNT@PDA-5 are higher than those of CNT@PDA-25 and CNT@PDA-10, owing to its thinnest coating layer. The cause of this thickness-dependent behavior is related to the dispersion of the CNT@PDA within the epoxy matrix. It can be hypothesized that a large number of catechol and amine groups on the surface of coating not only promote the dispersion of CNTs but also act as bridges between the adjacent CNTs. That bridging behavior leads to selfagglomeration of CNT@PDA, which would cause aggregate formation in the epoxy composites. These defects can act as stress concentration points within the material and cause the observed reduction in storage modulus.
As a result, the CNT@PDA-5/epoxy composites showed the highest storage modulus. There is, however, a maximum loading for CNT@PDA-5 of 1.5 wt%. With increasing the loading of the functionalized CNTs to 2-3 wt%, the storage modulus decreased because of the agglomeration of CNTs.
Morphology and microstructure of epoxy nanocomposites
Analysis of the fracture surfaces of different CNTs/epoxy nanocomposites is shown in Fig. 7 . As indicated in Fig. 7a and b , the fracture surface of neat epoxy exhibits a smooth and at surface with the linear cracks that are uniformly ordered, exhibiting a typical brittle fracture feature. In Fig. 7c and d , no obvious distinction can be observed between the neat epoxy and the pristine CNTs/epoxy composites except for the big agglomerations of pristine CNTs. Further, Fig. 7d shows that the direction of cracks on the fracture surface becomes unordered. For the composites with CNT@PDA, the fracture surface becomes rougher, and a large area of unordered cracks appears, seen in Fig. 7e and g. This fracture behavior may be attributed to the presence of strong interfacial interactions between the functionalized CNTs and epoxy matrix, inducing more effective stress transfer from the polymer matrix to the high modulus CNTs, restraining the large-scale crack growth in the matrix, therefore making the fracture surface rough. The fracture behavior proves that the addition of the PDA-functionalized CNTs does improve the toughness of epoxy matrix. The distinction in the dispersion of pristine CNTs, CNT@PDA-25/ EP, and CNT@PDA-5/EP can be observed in Fig. 7d , f, and h. CNTs covered by the thinnest PDA layer show the best dispersibility in the epoxy matrix. This could be explained that the curvature of the functionalized CNTs was changed due to the coating of a thicker PDA layer, the thicker coatings could interact with the catechol and amine groups of other nanotubes, and therefore the CNTs attending to aggregate signi-cantly, which can be observed in SEM (Fig. 7f) . Thus, the most effectively improvement of storage modulus of CNT@PDA composites can be obtained with loading the CNT@PDA-5 with the thinnest PDA layer. Small angle X-ray scattering (SAXS) and wide angle X-ray scattering (WAXS) were carried out to study the effects of MWCNTs and the thickness of PDA coating on the microstructure of composites. The scattering peak position of the SAXS reects the average center-to-center distance of adjacent high and low density regions. There is no SAXS peak for the neat epoxy resin; only a monotonically decreasing scattering prole was observed. The absence of peaks for the blends studied here (Fig. 8a ) may indicate a homogeneous neat epoxy on length scales of 3-150 nm. For CNTs/epoxy composites, there is a broad feature centered at q ¼ 0.0305 (20.6 nm) . This feature originates from the characteristic length scale of the dispersion, with CNTs-rich regions being spaced by approximately 20 nm at the same CNTs content of 1.5 wt%.
For WAXS measurements shown in Fig. 8b , except for the peak at q ¼ 0.40Å
À1 from the Kapton window and small peak at that the stacking behavior of molecular groups of epoxy and MeTHPA changes during the curing reaction of epoxy resin and is affected by the presence of the ller nanotubes.
Thermal stability and thermal conductivity of epoxy nanocomposites
The thermal stability of epoxy composites is presented in Fig. 9 . It can be observed that TGA curves of neat epoxy and epoxy composites show almost no distinction. Compared with the neat epoxy and pristine CNTs/epoxy composite, CNT@PDA-25/ epoxy and CNT@PDA-10/epoxy composites show slightly lower degradation onset temperatures, which is due to the poorer thermal stability of the PDA coating layer. However, the CNT@PDA-5/epoxy composite shows a higher onset degradation temperature. T 95 wt% (temperature corresponding to 5% weight loss) for all of the epoxy composites are listed in Table 1 . The T 95 wt% of CNT@PDA/epoxy composites increases with reduction in the PDA layer thickness. The best dispersion of CNT@PDA-5 in epoxy matrix could be an additional reason for the enhanced thermal stability of the epoxy composites. The room-temperature thermal conductivity of neat epoxy and epoxy composites was also investigated, and the results are shown in Fig. 10 . For all samples, the thermal conductivity of CNT@PDA/epoxy increases with increasing concentration of ller. The thermal conductivity for neat epoxy is 0.22 W mK À1 , while for the epoxy with 3 wt% pristine CNTs and 3 wt% CNT@PDA-5, the value increases to 0.30 and 0.34 W mK À1 , respectively. For the composites containing CNTs with a thicker PDA layer (CNT@PDA-25 and CNT@PDA-10), however, the thermal conductivity is lower than in the pristine CNTs/epoxy composites. The improvement by the thinner PDA layer (CNT@PDA-5) could be explained by the stronger interfacial interaction between the rigid CNTs and epoxy for thin PDA layers which could decrease the scattering for the heat carrying wave package (phonon) transfer, therefore increasing the thermal conductivity, but this thermal conductivity enhancement is also strongly related to a better dispersion in the epoxy. The agglomerations in the CNT@PDA-25 and CNT@PDA-10 composites cause the phenomenon of reciprocal phonon vector, which restricts the diffusion of heat ow in the CNTs/ epoxy composites.
45
Based on the above results, the enhancement of thermomechanical properties of the CNT@PDA/epoxy nanocomposites is in keeping with the simulation results of Khare et al., which explained that the covalently functionalized CNTs/ epoxy nanocomposites changes the interphase region in the nanocomposite systems and optimizes the dispersibility of CNTs due to the amine groups on the functionalized CNTs surface. 46, 47 In this study, PDA coating as a non-covalently functionalization layer introduces hydroxyl groups and amine groups on the CNTs surface, therefore increasing the interfacial interaction between the epoxy matrix and the CNTs surface.
Conclusions
A non-covalent, one-pot interfacial polymerization method has been shown to create a strong interfacial interaction between CNTs and epoxy resin by self-polymerization of dopamine at the CNTs surface. The synthetic approach of CNT@PDA is highly reproducible and allows facile control over the thickness of the PDA layer by the proportion of dopamine and reaction time. By using these CNTs functionalized with a nanothin PDA layer (<5 nm), the dispersion of CNTs in the epoxy matrix can be significantly improved. The nanothin PDA layer is believed to play a role of interfacial bonding via hydrogen bonding between amine and hydroxyl groups of PDA and hydroxyl groups of epoxy. These improved interfacial interactions lead to simultaneous improvements in storage modulus, thermal stability, and thermal conductivity with the addition of CNT@PDA. As for the inuence of PDA layer thickness, the composite with the thinnest PDA layer shows the highest effective reinforcement and the best thermal conductivity for the epoxy composite.
